Quadriceps muscle compensatory activations are delayed following anterior cruciate ligament reconstruction using hamstring tendon graft by Labanca, Luciana et al.









2 Quadriceps muscle compensatory activations are delayed following anterior cruciate  ligament 













10 b Cardiff School of Sport and Health Sciences, Cardiff Metropolitan University, Cardiff, UK 




13 *  Corresponding  author.  Department  of  Movement,  Human  and  Health  Sciences,  University of 
 
14 Rome Foro Italico, Piazza Lauro De Bosis 6, 00135 Roma, Italy. Tel.: +39 06 36 733 376; fax: +39 06 36 
 
15 733 214. 
 






19 Objective: To investigate compensatory and anticipatory quadriceps muscle activations before and 
 
20 after anterior cruciate ligament reconstruction (ACLR) using hamstrings tendon graft. 
 
21 Design: Twelve participants who underwent ACLR and 12 healthy controls were exposed to 10 
 
22 either unpredictable or predictable perturbations of the knee joint before ACLR (T1), 2 months  (T2) 
 
23 and 6 months (T3) after surgery. Latencies of compensatory and anticipatory postural activations   in 
 
24 the vastus lateralis (VL), rectus femoris (RF) and vastus medialis (VM) muscles were recorded by 
 
25 surface electromyography with respect to the arrival of the perturbations. 
 
26 Results: Latency of compensatory activations was significantly delayed in ACLR compared to that 
 






28 P<0.001) and VM (107 ± 24 vs. 66 ± 16 ms; P<0.001), at T2 for VL (68 ± 14 vs. 55 ± 10 ms; 
 
29 P<0.01) and at T3 for VL (105 ± 22 vs. 58 ± 7 ms; P<0.001), RF (102 ± 22 vs. 58 ± 12 ms; 
 
30 P<0.001) and VM (106 ± 20 vs. 63 ± 8 ms; P<0.001). Anticipatory activations occurred earlier in 
 
31 ACLR than in healthy participants at T1 for VL (-82 ± 64 vs. -14 ± 11 ms; P<0.05) and VM (-105  ± 
 
32 68 vs. -9 ± 12 ms; P<0.05). 
 
33 Conclusion: While anticipatory quadriceps activations show no alterations, compensatory muscle 
 
34 activations are delayed following ACLR with hamstring graft. Post-surgical rehabilitation should 
 













40 Quadriceps muscle function is strongly affected by rupture of the anterior cruciate ligament   (ACL). 
 
41 It has been shown that the ACL is rich in sensory receptors [1], which are destroyed when an ACL 
 
42 rupture  occurs. Afferent fibres arising from ACL receptors  link to    quadriceps  gamma  and  alpha 
 
43 motoneurons [2]. Thus, the rupture of the ligament leads to disruption of the   neural circuits that are 
 
44 involved  in  the regulation  of  muscle  tone and  muscle  strength  [1–4].  In addition, the quadriceps 
 
45 muscle  is  affected  by  a  direct  inhibitory  reflex  response,  which  is  mediated  by  joint   capsule 
 
46 receptors responding to knee pain, swelling and capsule damage by the surgical procedure for   ACL 
 
47 reconstruction. As a consequence, patients experience persistent quadriceps muscle weakness and 
 
48 inability to voluntarily contract the muscle for months or even years after surgery [5]. 
 
49 Neuromuscular and sensory alterations related to ACL injury and reconstruction affect not  only 
 
50 quadriceps  strength,  but also the  ability to stabilize  the  knee joint  throughout  compensatory  and 
 
51 anticipatory activations of the muscles acting on the knee in response to postural perturbations. 
 
52 Abnormal responses, such as an earlier activity of both knee extensor and flexor muscles, have  been 
 
53 found in late stages of the rehabilitation during weight-bearing tasks, such as stepping [6],  squatting 
 
54 [7]  or  landing  [8],  following  ACL  reconstruction  in  comparison  with  uninjured  subjects.      In 
 
55 addition, it has been recently shown that delayed compensatory muscle activations    occur following 
 
56 ACL injury and early after surgery in response to unexpected perturbations during an unweighted 
 
57 single knee joint task, in which ACL individuals were asked to suddenly stabilize the knee [9,10]. 
 
58 Moreover,  in the same  type  of  single  knee joint task,  earlier anticipatory  muscle activations have 
 
59 been   found   in   response   to   self-generated   predictable   perturbations   in   ACL-injured   and  - 
 
60 reconstructed  participants  with  respect  to  healthy  subjects [9,10].  While  following  6  months of 
 
61 rehabilitation   anticipatory   activations   did   not   show   any   differences   from   healthy subjects, 
 






63 These abnormalities in muscle responses to sudden perturbations on a single knee joint have 
 
64 been found in patients who underwent ACL reconstruction using patellar tendon graft and it is 
 
65 likely that this type of surgical graft, which affects the knee extensor mechanism, may have played 
 
66 a  role in  quadriceps  muscle  activations,  together  with the  other  above-mentioned  ACL rupture- 
 
67 related  neuromuscular  alterations.  Previous  literature  has  reported  mechanical  alterations  of the 
 
68 harvested  patellar  tendon,  with  an  increase  in  thickness  and a  reduction in  stiffness  and tensile 
 
69 strength  [11,12].  It  is  likely that  these  alterations  have contributed  to the  altered  knee  extensor 
 
70 response to the perturbations. 
 
71 However, it is well known that a high percentage of ACL-injured patients are reconstructed 
 
72 with hamstring tendon grafts.  Such a  surgical  technique of  ACL reconstruction does not    directly 
 
73 violate  the  knee  extensor  mechanism  and  therefore  ACL  patients  reconstructed  with hamstring 
 
74 tendon graft may show a different response to both unpredictable and predictable perturbation, as 
 
75 quadriceps  muscle  function  is  affected only by neuromuscular  alterations  related  to ACL rupture 
 
76 and joint capsule damages during surgery. 
 
77 To the best of the authors’ knowledge, it is unknown whether compensatory and anticipatory 
 
78 activations  of  the  quadriceps  muscle  are affected in patients  undergoing ACL reconstruction with 
 
79 hamstring tendon graft. The examination of compensatory and anticipatory muscles activations is 
 
80 extremely  important  as  the  ability  to  adequately  stabilize  the   knee  joint  throughout      muscle 
 
81 activations is essential in order to prevent knee joint injuries and re-injuries during sport practice. 
 
82 Thus, the aim of this study was to investigate compensatory and anticipatory quadriceps muscle 
 
83 activations in response to unpredictable and predictable perturbations following ACL rupture and 
 









89 Twelve participants, five female and seven male (age: 26 ± 1 years; body mass: 71 ± 13 kg; 
 
90 height: 1.73 ± 0.09 m) with unilateral isolated rupture of the ACL in the dominant limb were 
 
91 selected from a total sample of 33 consecutive patients scheduled for ACL reconstruction and  tested 
 
92 three times: 20 ± 7 days before ACL reconstruction (T1), 2 months (60 ± 1 days) after surgery (T2) 
 
93 and 6 months (180 ± 2 days) after surgery (T3). Inclusion criteria were: knee joint range of motion 
 
94 of at least 0–100°; lack of pain and swelling of the knee joint; a Tegner Activity Level between 5 
 
95 and 7 [13]; and the adherence to the same standardized rehabilitation protocol, which was 
 
96 supervised by the same physical therapists team of the same centre according to the same  physiatrist 
 
97 prescription, as previously described [9,14]. Exclusion criteria were concomitant injury to other 
 
98 ligaments of the knee joint; lower limb muscle injuries; associated meniscus tear; and previous 
 
99 surgery on either knee. Arthroscopic reconstruction of the ACL with ipsilateral autologous 
 
100 semitendinosus and gracilis tendon graft was performed by only one surgeon from 10 to 30  days 
 
101 after ACL injury. A consort chart showing ACL participants recruitment is represented in Figure  1. 
 
 
102 Twelve healthy volunteers, five female and seven male (age: 25 ± 2 years; body mass: 62±8 
 
103 kg; height: 1.70±0.09 m), matched for gender and physical activity level and with no disorder or 
 
104 history of knee injury, served as the control group. In the healthy volunteers, experimental testing 
 
105 sessions were carried out three times: the first as a baseline (T1), the second and the third, 2   months 
 
106 (T2) and 6 months (T3) apart from the baseline session, respectively, to be compliant with the group 
 
107 of ACL participants. 
 
 
108 Sample size was a priori calculated with a significance level of α = 0.05 and a power of 90% 
 
109 based on  data  of  a  preliminary pilot  investigation  on three  patients  with  ACL injury and three
 
 
110 healthy participants. Effect size was calculated based on the mean latency of vastus lateralis (VL) 
 
111 activation  in  response  to  five  unpredictable  perturbations,  which  was  90.5  ms  for  the      ACL 
 
112 participants and 55.1 ms  for  healthy participants. A  minimum of  10 patients for  each group    was 
 
113 required for the study. Additional patients were recruited to allow for dropouts. 
 
114 The study was approved by the Ethics Committee of the University of Rome ‘La Sapienza’ 
 
115 and was carried out in accordance with the Declaration of Helsinki. Informed consent was   obtained 
 
116 from all the participants. 
 
117 Experimental procedures 
 
118 Participants  were  asked  to  undertake  a  perturbation  task  featured  by  unpredictable     and 
 
119 predictable perturbations in accordance with previous studies [9,10]. Perturbations were delivered 
 
120 to the dominant injured/operated limb of the ACL participants and to the dominant limb of healthy 
 
121 participants. The dominant limb was determined by asking the participants which leg they use to 
 
122 kick a ball [9,15,16]. Participants sat comfortably above a raised plinth and were blindfolded to 
 
123 eliminate visual input during testing. Briefly, prior to each perturbation trial, the examined limb,  i.e. 
 
124 the injured knee of ACL participants and the dominant knee of healthy participants, was placed in   a 
 
125 reference position with the knee joint in full extension. Participants were instructed to fully relax  the 
 
126 muscles  of  the  examined  limb  before  the  perturbation.  During  the  unpredictable  condition, the 
 
127 experimenter entirely supported the participant’s involved limb with his palm open under the heel 
 
128 and,  after  8–12  s,  unexpectedly  removed  his  palm.  Participants  were  instructed  to  resist     the 
 
129 perturbation and restore the full extension reference position as quickly as possible. During the 
 
130 predictable condition, participants placed their contralateral forefoot under the heel of the involved 
 
131 limb, which was then entirely supported and kept in the reference position. After a verbal signal by 
 
132 the  experimenter,  participants  were  instructed  to  wait  from  8  to  12  s  (consistent  with  the 
 
133 unpredictable  task)  and  then  quickly  move  the  supporting  limb  away,  while  maintaining    the 
 
134 involved  limb  in  full  extension.  Each  participant  completed  one  series  of  five  consecutive 
 unpredictable perturbation trials and one series of five consecutive predictable perturbation trials,  in 
 
135 a random order. The injured/operated limb of ACL participants was compared to the dominant   limb 
 
136 of healthy participants rather than to the contralateral limb of ACL participants, in order to rule out 
 
137 any intra-individual learning effect and to account for neural adaptations to ACL injury affecting 
 
138 both limbs [17]. All experimental sessions were conducted by the same experimenter to prevent 
 
139 inter-operator  variability.  Responses  to  perturbations  were  monitored  in  real  time  to        detect 
 
140 irregularities in the performance. If irregularities occurred for two or fewer trials, new trials were 
 
141 performed. Participants who performed incorrect trials more than two times were excluded from  the 
 
142 analysis to minimize the learning effect [18]. Successive trials were separated by a minimum of 60 
 
143 s. The participants were allowed to rest for 5 min between series. 
 
144 Recording systems and data analysis 
 
145 Surface  electromyography (EMG)  was  recorded from VL,  rectus  femoris  (RF)  and  vastus 
 
146 medialis (VM) muscles of the involved limb, and the VL of the uninvolved limb (UVL) by means 
 
147 of a portable EMG device (FreeEMG, BTS Bioengineering, Milan, Italy; common mode rejection 
 
148 ratio: 110 db at 50–60 Hz; sample rate: 1 kHz). After appropriate skin cleaning, two electrodes  were 
 
149 attached  0.02  m apart  (centre-to-centre)  on  the  skin,  above  each  muscle,  half-way between  the 
 
150 centre   of   the   belly   and   the   distal   myotendinous   junction,   in   accordance   with   SENIAM 
 
151 recommendations  [19].  As  EMG  traces  are  strongly  influenced  by  the  distance  between     the 
 
152 electrodes and the innervations zone of the muscles [20], reproducibility of electrode positioning  for 
 
153 the   three   testing  sessions  was  ensured  by  marking  the   initial  electrode  position  and       skin 
 
154 characteristics on a transparent tracing sheet [10,21], which was then used to re-mark the same 
 
155 position for the second and third assessments. An electrogoniometer (Biometrics Ltd.,    Gwent, UK) 
 
156 was placed on the lateral side of the involved limb with the two arms aligning with the thigh and  leg 
 
157 axes to record the knee joint angular displacement.
 
 
158 Electrogoniometer and EMG signals were sampled at 1 kHz by a portable device (FreeEMG, 
 
159 BTS, Milan, Italy), in  accordance  with SENIAM recommendations [19].     Electrogoniometer  data 
 
160 were low-pass filtered with a zero-lag second-order Butterworth filter with 10 Hz cut-off  frequency. 
 
161 EMG  signals were first high-pass  filtered at  20 Hz to remove  movement  artifacts, and then    full- 
 
162 wave rectified for further signal conditioning [9,10]. 
 
163 For the unpredictable condition, the latency of compensatory muscle responses of the involved  limb 
 
164 was evaluated with respect to the onset of leg movement. For the predictable condition, latency of 
 
165 anticipatory muscle responses of the involved limb was evaluated with respect to the onset of 
 
166 postural perturbation, which was identified as the offset of the VL in the uninvolved limb. Both 
 
167 onset and offset of either compensatory or anticipatory muscle responses were agreed by two of  the 
 
168 experimenters after visual inspection of the high-pass filtered full-wave rectified EMG trace  [9,10]. 
 
169 Data analysis was performed by means of a customized MatLab routine (MatLab version  2010b, 
 
170 MathWorks Inc., Natich, MA, USA). 
 
171 Statistical analysis 
 
172 Descriptive  statistics  were  used  to summarize  demographic  data. Distribution  of  data  was 
 
173 tested  by  means  of  a  Shapiro–Wilk  test.  A  two-factors  repeated-measures  analysis  of variance 
 
174 (ANOVA) was performed separately for each condition (unpredictable and predictable) to analyse 
 
175 the effect of group and time on muscle responses latencies. When the main effect F-value was 
 
176 significant,  Student’s t-test  was used to locate the  significant  differences. A significance level    of 
 
177 P<0.05 was adopted. All analyses were performed using SPSS version 20.0 (SPSS, Inc, Chicago, 
 






181 Reliability of the measurement
 
 
As  the  unpredictable  perturbations  were  manually  delivered  by  the  experimenter,  a   reliability 
 
182 analysis  was  conducted.  The  intraclass  correlation  coefficient  (ICC)  was  calculated  for muscle 
 
183 response latencies of VL, RF and VM of healthy participants of the control group at T1, T2 and T3 
 
184 of the assessments. ICC was 0.94 for VL, 0.81 for RF and 0.83 for VM, thus showing a high 
 






189 For the unpredictable condition the ANOVA showed a group by time interaction for muscle 
 
190 response latencies of VL (F = 15.311, P<0.001), RF (F = 10.646, P<0.01) and VM (F = 62.104, 
 
191 P<0.001) muscles. Results of the post hoc analysis are represented in Figure 2. 
 
192 For the predictable condition, the ANOVA showed an effect of group for muscle response 
 
193 latencies of VL (F = 34.074; P<0.05), an effect of time for muscle response latencies of RF (F = 
 
194 12.445; P<0.05) and a group by time interaction for muscle response latencies of VM (F = 25.032; 
 







199 The main result of this study was that ACL rupture had an effect on both compensatory and 
 
200 anticipatory muscle activations in response to unpredictable and predictable perturbations.    Delayed 
 
201 compensatory responses  and  earlier  anticipatory responses were  observed following ACL rupture. 
 
202 Two  and  six  months  after  ACL  reconstruction   with  semitendinosus  and  gracilis        autograft, 
 
203 anticipatory responses came back to normal but compensatory responses were still  delayed. 
 
204 An effective compensatory muscle response is generated when the central nervous system 
 
205 receives afferent information on the effects of the perturbation on body posture and, based on the 
 
206 received information, generates an adequate motor response [22]. Thus, two factors may explain  the 
 
207 delayed quadriceps activation in response to an unpredictable perturbation. First, the loss of joint 
 
208 receptors located in the ACL, the knee joint capsule and the surrounding skin may have delayed 
 
209 detection  of  the  effects  of  perturbation,  i.e.  the  variation  in  length  of  the  quadriceps  and  the 
 
210 downward movement of the leg [1,3]. In addition, neural inhibition affecting high-threshold motor 
 
211 units due to arthrogenic muscle inhibition [2] may have prevented the central nervous system from 
 
212 generating a fast muscle activation in response to the perturbation. 
 
213 It should be noted that at 2 months following surgery a significant delay of compensatory 
 
214 activation was found only for the VL muscle with respect to VM and RF muscles, which showed a 
 
215 significant  decrease in  the  delay. This result is not  in  accordance  with previous studies in   which 
 
216 delayed responses 2 months after surgery were found for all components of the    quadriceps muscles 
 
217 [9,10].  This  controversy  may  be  ascribed  to  the  different  type  of  surgical  graft  used  for ACL 
 
218 reconstruction. Previous investigations have been conducted on patients reconstructed using  patellar 
 
219 tendon [9,10]. Patients who receive a reconstruction using hamstring tendon graft, as in the present 
 
220 study,  underwent  a  different  rehabilitation  from  those  receiving patellar  graft  [23].  In  the early 
 
221 phase  after  surgery,  patients  undergoing  ACL  reconstruction  using  hamstring  graft  show less
 
 
222 impairments in the knee extensor mechanism compared to patients undergoing reconstruction   using 
 
223 patellar tendon graft [22]. Another possible explanation could be that the impairment of knee   flexor 
 
224 muscles, in particular the semitendinosus, may have created some kind of compensations in favor  of 
 
225 knee  extensor  muscles to stabilize  the  knee joint. Further  investigations  are  needed to clarify this 
 
226 point. However, 6 months after surgery, the time at which patients were cleared to return to sport, 
 
227 abnormalities  in compensatory quadriceps activations  were  clearly seen and  no differences    were 
 




230 Returning to sport with abnormalities in the ability to resist and manage sudden   unpredictable 
 
231 perturbations, by delaying muscles responses, may represent a cause of re-injury [25,26]. A higher 
 
232 re-injury rate has been observed following ACL reconstruction using hamstring graft compared to 
 
233 patellar graft. Patients  undergoing hamstring graft show enormous deficits in knee    flexor  muscles 
 
234 function, but also in knee extensors. In addition, a number of studies have reported early return to 
 
235 sport activities even if not meeting requirements [27]. The possibility that rehabilitation should be 
 
236 further  improved  is  emerging  in  the  literature  [28–31],  together  with  the  evidence  that muscle 
 
237 function, coordination and control  of  movement  techniques are  probably more  important than  the 
 
238 type of surgical graft used for reconstruction to prevent re-injury [32,33]. Moreover, in most cases  a 
 
239 time-approach  more  than  function-approach  is  used  to  release  patients  to  sport  activities,  thus 
 
240 exposing them to a higher re-injury risk [34]. Thus, drawing the conclusion that one graft is better 
 
241 than another without taking into account other factors seems incorrect. The results of this and 
 
242 previous  studies  clearly  show  that  patients  are  released  to  sport  activities  with  the  inability to 
 
243 promptly stabilize the knee joint in response to unpredictable disturbances. 
 
 
244 The patients in the present study showed no abnormalities in anticipatory muscle activations 
 
245 before a self-generated perturbation, except for the preoperative assessment, in which a longer 
 
246 anticipatory activity was found when compared with healthy participants. The longer duration  of
 
 
247 anticipatory activity before surgery is in accordance with previous literature [10] and might 
 
248 represent a safety strategy adopted by patients to ensure minimization of postural disturbances  and 
 
249 maintain functional joint stability [9]. Similar results have been found in case of joint  instability 
 
250 when the ACL is broken during more complex tasks, as for example landing from a jump [8,35], 
 
251 and when sudden decelerations occur while running [36]. During the postoperative  measurements, 
 
252 no differences in anticipatory postural adjustments were found between ACL patients and  healthy 
 
253 participants. This result is not in accordance with previous studies, in which an early  anticipatory 
 
254 muscle activation was found in quadriceps muscle 2 months after ACL reconstruction [9,10]. 
 
255 However, the participants in those studies underwent ACL reconstruction using patellar tendon 
 
256 graft. Thus, the difference compared with the results of the present study may be related to the 
 
257 differences in the type of surgical graft used for ACL reconstruction. Muscle responses  were 
 
258 recorded from quadriceps muscle, which in patients receiving patellar tendon graft is affected  not 
 
259 only by neuromuscular alterations related to ACL injury [2], but also by tendon surgical  mechanical 
 
260 damage for ACL reconstruction. Damage to the patellar tendon may have played a role in longer 
 
261 anticipatory muscle responses [10], requiring longer recovery times with respect to  patients 
 





264 Anticipatory postural adjustments are an example of the ability of the central nervous  system 
 
265 to predict the mechanical effects of movements on posture [37]. The prediction allows the 
 
266 generation of appropriate anticipatory responses to minimize the effects of forthcoming 
 
267 disturbances. In both ACL-injured and ACL-reconstructed patients it was reasonable to expect  no 
 
268 changes in the ability to anticipate a self-generated perturbation, because the central nervous  system 
 
269 adapts when some kind of afferent information is lacking [38]. However, the preoperative 
 
270 assessments were conducted within 1 month following injury, which is probably too short a time 
 
271 frame in which to create adaptations, thus explaining the earlier anticipatory response in ACL- 
 
 
272 injured patients, whereas there was enough time to ‘re-create’ a normal anticipatory activation in 
 
273 ACL-reconstructed patients 2 and 6 months after surgery. Abnormal anticipatory activation of 
 
274 lower limb muscles has also been reported by previous studies [7,8,26]. Altered timing and 
 
275 magnitude of muscle activation have been observed during dynamic tasks, such as landing from  a 
 
276 jump [7,26]. These abnormalities have been observed in the mid-term and long-term  following 
 
277 surgery showing a lack of a “normal’ control of movement when returning to sport activities. In  the 
 
278 present study, no abnormalities were found during an easy task, thus showing that  anticipatory 
 
279 mechanisms are not impaired. It has been shown that abnormalities in anticipatory control  of 
 
280 movement are strongly related to learning and practice [32]. It is thus likely that  abnormalities 
 
281 found during complex dynamic tasks are related to the lack of practice and specific training  and 
 
282 rehabilitation [32], more than neuromuscular alterations directly related to ACL rupture  and 
 
283 surgery. As abnormal anticipatory activity impairs movement biomechanics, thus exposing  athletes 
 
284 to re-injuries, it is of extreme importance to train and assess anticipatory control of movement 
 





287 The main limitation of this study is that no recordings of hamstring muscle activations was 
 
288 performed as the objective of the study was to assess quadriceps muscle activations and  the 
 
289 perturbation task was designed to target the knee extensor mechanism. Future investigations  should 
 
290 investigate responses to perturbations in knee flexor muscles by means of an ad hoc  perturbations 
 
291 task. This will give interesting information on activations of knee flexor muscles to stabilize  the 
 
292 knee joint in response to perturbations. A second limitation of the study is that the  non-dominant 
 
293 limb was not assessed. Future studies should also assess differences between limbs, both in  ACL 
 
294 participants and in healthy participants. Another limitation of the study is represented by the  high 
 
295 homogeneity and the limited number of the ACL participants in this study. They were all  operated 
 




297 the likelihood to have confounding factors potentially affecting the results was very low. Although 
 
298 this may be seen as a strength of the study, the results can not be generalized to the whole ACL- 
 





301 The  results  of  this  study  show that  patients  who  underwent  an  ACL  reconstruction using 
 
302 hamstring  tendon  graft  show  delayed  responses  in  compensatory  quadriceps  muscle activations 
 
303 when  compared  with  healthy  participants.  Rehabilitation  should  address  not  only  knee    flexor 
 
304 muscles,  which  are  directly damaged  by surgical  graft,  but  also  quadriceps  muscle  function by 
 
305 means  of  ad  hoc  exercises  targeting  delayed  compensatory  quadriceps  activation.  In   addition, 
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430 FIGURES LEGENDS 
 
 
431 Figure 1. Consort chart showing anterior cruciate ligament (ACL) participant recruitment. 
 
432 Figure 2. Latency of compensatory muscle activations in vastus lateralis (VL), rectus femoris (RF) 
 
433 and vastus medialis (VM) muscles at T1 (before surgery), T2 (2 months after surgery) and T3 (6 
 
434 months after surgery). Data are presented as mean and standard deviation. * Significantly different 
 
435 from  healthy  participants;  a  significantly  different  from  T1;  b   significantly  different  from  T2; c 
 
436 significantly different from T3. ACL, anterior cruciate ligament. 
 
437 Figure 3. Latencies of anticipatory muscle activations in vastus lateralis (VL), rectus femoris (RF) 
 
438 and vastus medialis (VM) muscles at T1 (before surgery), T2 (2 months after surgery) and T3 (6 
 
439 months after surgery). Data are presented as mean and standard deviation. * Significantly different 
 
440 from  healthy  participants;  a  significantly  different  from  T1;  b   significantly  different  from  T2; c 
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